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Lake Pyhäjärvi, the largest lake in southwestern Finland, is vital to local industries of 
the lakeshore municipalities as well as to fisheries. In addition, it has notable value for 
recreational purposes (Ventelä et. al 2007). However, during recent decades Pyhäjärvi 
has been under considerable external nutrient loading which is threatening these 
activities. For this reason, as well as due to tetrachloroethylene (PCE) contamination of 
the Honkala esker aquifer on the northwestern shore of the lake, Pyhäjärvi has been an 
object of extensive restoration efforts since 1995 (Mattila et al. 2001; Ventelä & 
Lathrop 2005; Ventelä et al. 2007). 
Until recent years, management of water resources in Finland (Lake Pyhäjärvi not being 
an exception) has focused in either groundwater or surface water, and has not 
considered the interaction of these reservoirs (Rautio & Korkka-Niemi 2011). However, 
according to Winter et al. (1998) nearly all surface waters interact with groundwater. In 
Lake Pyhäjärvi catchment this is supported by studies by Rautio & Korkka-Niemi (2011 
and 2015) as well as Wiebe (2012). This suggests that it is crucial to take both 
groundwater and surface water into account in water resource management, and when 
planning restoration measures on a watershed scale as well as investigating contaminant 
transport. However, often the interactions of groundwater and surface water can be 
complex with high spatial and temporal variation, and are therefore challenging to 
accurately study (Winter et al. 1998). In some places surface water infiltrates the 
underlying aquifer recharging the groundwater and in others groundwater discharges 
into surface water. According to Cey et al. (1998), factors affecting groundwater-
surface water interaction include topography, underlying geology, subsurface hydraulic 
properties, precipitation and groundwater flow patterns.  
Naturally occurring chemical and isotopic tracers have been used extensively to study 
groundwater-surface water interaction around the world (e.g. Pinder & Jones 1969; 
Sklash & Farvolden 1976; Hooper & Shoemaker 1986; Kennedy et al. 1986; Genereux 
et al. 1993; Buttle & Peters 1997; Jones et al. 2006). However, in Lake Pyhäjärvi 
catchment a study by Rautio & Korkka-Niemi (2015) is thus far the only example of 
this. Usually these studies are done employing a mass balance based method where the 
chemical or isotopic content of the source components (subsurface water and surface 
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runoff, or in the case of stable isotopes of oxygen and hydrogen, event and pre-event 
water) are known and used to calculate the proportions of these source components 
from the hydrogeochemistry of surface water (lake or river) (e.g. Hooper & Shoemaker 
1986; Buttle & Peters 1997; Rautio & Korkka-Niemi 2015). Many different tracers have 
been used for this purpose over the years (ions, trace elements, electrical conductivity, 
stable isotopes and radio isotopes). 
In this study the feasibility of mass balance based methods using a wide array of tracers 
(major ions, dissolved silica, electrical conductivity, pH, radon-222 and stable isotopes 
of hydrogen and oxygen) were evaluated in Lake Pyhäjärvi catchment as well as the 
subcatchments of the two input rivers (Pyhäjoki and Yläneenjoki) to determine 
proportions of groundwater in surface water. Additionally, the general 
hydrogeochemistry of the catchment was examined. It was presumed that there is 
considerable interaction with groundwaters and surface waters in the Lake Pyhäjärvi 




2. STUDY AREA 
2.1 Study site 
Lake Pyhäjärvi is the largest lake in southwestern Finland. It has a surface area of 
approximately 155 km2 and a catchment area of 616 km2, including the lake. Pyhäjärvi 
is a relatively shallow lake, its mean depth and deepest point being 5.5 m and 26 m, 
respectively (Figure 1) (HERTTA database). The bottom of the lake is flat due to glacial 
erosion and there are few islands. The lake was formed approximately 5600 BP when it 
was isolated from the Litorina Sea due to land uplift (Eronen et al. 1982). Land uplift 
has been faster in the northern part of the lake sloping the basin towards the south. The 
transgression has resulted to flooded peat areas at the southeastern side of the lake 
(Tikkanen 2002). The catchment is situated on a coastal plain and is thus 
topographically relatively flat (40 to 149 m above sea level). 
Lake Pyhäjärvi has two major input rivers, Pyhäjoki and Yläneenjoki, which drain the 
agricultural lands to the east and south of the lake. Together rivers Pyhäjoki (catchment 
area 77.5 km2) and Yläneenjoki (catchment area 234.0 km2) form 68% of the catchment 
area of Lake Pyhäjärvi (Kirkkala 2014). Between 1972 and 2012 River Pyhäjoki and 
River Yläneenjoki had mean annual discharges of 0.7 and 2.0 m3 s-1, respectively 
(HERTTA database). Together the two rivers contribute majority of the external loading 
to Lake Pyhäjärvi with River Yläneenjoki accounting for the largest share (Ventelä et 
al. 2007). Two large springs feed River Pyhäjoki (Myllylähde and Kankaanranta) 
discharging a combined total annual mean amount of 3760 m3 d-1 to the river 
(2002−2012) (HERTTA database). This constitutes approximately 9% of the mean 
annual flow of River Pyhäjoki. The only output flow from Lake Pyhäjärvi is River 
Eurajoki at the northern tip of the lake.  
The Lake Pyhäjärvi catchment can be roughly divided in to 3 subcatchments. In the 
context of this study these will be called Pyhäjärvi subcatchment, Pyhäjoki 
subcatchment and Yläneenjoki subcatchment (Figure 2). In terms of land use, there is 
variation between the subcatchments: Pyhäjärvi subcatchment comprises mainly 
forestry, with 14% consisting of the municipality of Säkylä and agricultural land 
(Tarvainen & Ventelä 2007), Pyhäjoki subcatchment comprises is comprised by 
agriculture (23%), forestry (56%) and peat land (16%), whereas Yläneenjoki 
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subcatchment comprises agriculture (27%) forestry (48%) and peat land (21%) 
(Kirkkala et al. 2012a).  
 
 
Figure 1. Location of Lake Pyhäjärvi in southeastern Finland and map of the study area (Lake Pyhäjärvi 
catchment). The catchment is divided in three sub−catchments (Pyhäjärvi, River Pyhäjoki and River 
Yläneenjoki). Sampling site locations are also included (base map database, ©National Land survey of 
Finland 2010; drainage basins and sea areas database, ©SYKE 2010; lake depth database, ©SYKE 2012; 
river network database, ©SYKE 2013).  
The water level of Lake Pyhäjärvi was lowered by almost two meters between the years 
1852 and 1854 (Räsänen et al. 1992; cit Veira 1974) and regulation of water levels 
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began in the 1940’s and is ongoing (Räsänen et al. 1992). There is a water intake plant 
(Lohiluoma plant) near the northern tip of the lake (3000 m3 d-1) close to the shore of 
the lake (Figure 2). The aquifer, which is utilized by the plant (Kauttua aquifer) is partly 
artificially recharged with water from Lake Pyhäjärvi (1700 m3 d-1) (Rautio & Korkka-
Niemi 2011). Additionally, there is another intake plant, the Honkala plant, which has 
been closed since 1998 due to PCE contamination (Artimo 2002).  
At present, the lake is mainly used for recreational activities, local industrial processes 
and commercial fishing (Ventelä et al. 2007). These activities are all dependent on good 
water quality. Due to the vast farmlands residing in the catchment of Pyhäjärvi, the lake 
has been under considerable external nutrient loading and is suffering from 
eutrophication, which poses a threat to these activities (Ventelä et al. 2007). 
Pyhäjärvi has been under an intensive restoration program since 1995 when the 
Pyhäjärvi Protection Fund (PPF) was created (Mattila et al. 2001; Ventelä & Lathrop 
2005; Ventelä et al. 2007). Measures have been taken to reduce the amount of external 
loading. For example, buffer zones, sedimentation ponds and wetlands have been 
introduced in the catchment (Kirkkala et al. 2012b). Additionally, farmers in the area 
have committed to the European Union’s (EU) agri-environmental program 
implementing water protection measures including controlled use of herbicides and 
pesticides as well as reduction in the application of fertilizers (Mattila et al. 2001). In 
addition to measures towards controlling external loading, there have been programs to 
alleviate the internal loading by selective fishing (Ventelä et al. 2007). 
The climate of the study area is typical of southern Finland with usually snowy winters 
and mild summers. According to measurements at Kokemäki weather station (closest 
weather station to the study area), located approximately 20 km from the northern tip of 
Lake Pyhäjärvi, the mean annual temperature and precipitation were 4.8°C and 614 mm, 
respectively, between 1981−2010 (Pirinen et al. 2012). 
2.2 Geologic setting 
Major aquifers of the study area are presented in Figure 2. The Honkala, Kauttua and 
Uusikylä esker aquifers border Lake Pyhäjärvi and are partly under the lake (Figure 2). 
According to a regional groundwater flow model by Artimo (2002) the main 
groundwater flow direction in Honkala aquifer is towards Lake Pyhäjärvi. In the eastern 
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parts of the Pyhäjoki subcatchment resides the Säkylänharju-Virttaankangas esker 
aquifer from which Myllylähde and Kankaanranta springs derive their waters 
(Kortelainen & Karhu 2009). 
Figure 2. Major aquifers of the study area with sampling site locations, Lohiluoma intake plant and 
subcatchments included (drainage basins and sea areas database, ©SYKE 2010; river network database, 
©SYKE 2013; groundwater areas database, ©SYKE 2014; water formations database, ©SYKE 2014). 
 
Bedrock in the study area is somewhat diverse (Figure 3). The area west of the lake is 
dominated by rapakivi granites, while in the south, in the Yläneenjoki subcatchment, the 
bedrock consists mainly of micagneisses and -schists, and to a lesser degree of 
granodiorites, quartz diorites and metavolcanites. Southeast of the lake, in Pyhäjoki 
subcatchment, the bedrock consists mainly of granodiorites, tonalites and granites. 
There is also some gabbro, diorite and amphibolite south of the granitoids. North of the 
lake and the bedrock under the lake consists of Jotnian sandstone of the Satakunta 
sandstone formation. It is a basin formation deposited between all of these older 
formations. Additionally the rapakivi granites and sandstones are cut by olivine diabase 
dikes. There is also a normal fault east of the lake which separates the Satakunta 
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sandstones from the older igneous and metamorphic rocks (Geological Survey of 
Finland 2011a) (Figure 3). 
 
Figure 3. Bedrock geology of the study area with lake basin and the two major input rivers indicated. 
Sampling sites are also included (bedrock of Finland 1:200 000, ©Geological Survey of Finland 2011; 
drainage basins and sea areas database, ©SYKE 2010; river network database, ©SYKE 2013). 
Throughout most of Lake Pyhäjärvi catchment sediment layers are thin and bedrock 
outcrops are abundant (Figure 4). In the Pyhäjärvi subcatchment sediments consist 
mainly of till with the exception of the north/northeastern shore of the lake which 
consists of the glaciofluvial sediments of the Huovinrinne esker. In the south in 
Yläneenjoki subcatchment, particularly in the vicinity of the river, sediments tend to be 
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fine grained, mainly clay and silt, but some peat can also be found especially close to 
the mouth of the river. East of the lake and in the Pyhäjoki subcatchment sediments are 
a bit coarser grained with sands and silts being common. The eastern side of the 
Pyhäjoki subcatchment contains mainly coarse-grained glaciofluvial sediments (sand, 
gravel) of the Säkylänharju-Virtaankangas glaciofluvial complex (Geological Survey of 
Finland 2011b).  
 
Figure 4. Surface geology of the study area with sampling sites and the two major input rivers included 
(superficial deposits 1:20 000 / 1:50 000, ©Geological Survey of Finland 2011; drainage basins and sea 





3.1 Sampling and sample preparation 
A total of 30 sampling sites were chosen around the study area including lake water, 
river water (Yläneenjoki and Pyhäjoki), spring water and groundwater samples (Figure 
1) from representative sites. Lake water samples were collected from the epilimnion, 
and discharging groundwater samples were collected using minipiezometers close to the 
shoreline in places of groundwater discharge. River water from rivers Yläneenjoki and 
Pyhäjoki was sampled from the whole stretch of the rivers to give a comprehensive 
picture of how the water chemistry evolves on the way to the lake. In addition, spring 
water and groundwater were sampled in Yläneenjoki and Pyhäjoki subcatchments to 
determine groundwater characteristics in those areas. Surface water (as well as 
discharging groundwater) sampling sites were abbreviated as follows: Lake Pyhäjärvi 
(PJ1, 2 and 4), discharging groundwater (PJ3-DGW and PJ4-DGW), River Pyhäjoki 
(PYJO1-5, starting from the mouth of the river), River Yläneenjoki (YLJO1, 2, 3, 5, 10, 
ascending upstream), River Yläneenjoki tributaries (YLJO-B, G and 6B). Groundwater 
and spring sampling sites were named by location with the exception of YLJO-spring 
(Figures 1 and 2). 
Sampling was performed during a 2 day period in mid-August 2013 (13.−14.8.2013). 
Weather conditions on the first sampling day were mostly dry (probable precipitation 
during the night before sampling) and on the second day rainy with occasional heavy 
precipitation. Altogether 3 samples were taken from all sampling sites for the 
geochemical analyses, with an additional sample taken from groundwater sites and two 
of the River Yläneenjoki tributaries (YLJO-B and YLJO-G) for the determination of 
radon concentrations. The samples were analyzed for sodium (Na), potassium (K), 
calcium (Ca), magnesium (Mg), fluoride (F), chloride (Cl), nitrate (NO3), phosphate 
(PO4), sulfate (SO4), alkalinity (HCO3), dissolve silica (DSi), electrical conductivity 
(EC), pH, temperature (T), stable isotopes of oxygen (18O) and hydrogen (D), and radon 
(222Rn). Machine-washed polyurethane bottles were used for sampling. All bottles were 
flushed two times with the sample water before taking the sample. Groundwater from 
wells was pumped for 2 minutes (or more until clear) before taking the sample. 
Furthermore, river samples were collected from the middle of the stream near the 
bottom to get properly mixed, representative river samples. All samples were stored in 
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cold boxes during the day and, with the exception of DSi, 222Rn and stable isotope 
samples, frozen for further storage in less than 10 hours after sampling. The 222Rn 
samples were analyzed within 24 hours of the sampling by Porilab. Additionally, the 
stable isotope sample bottles were filled so that no air space remained in the bottles to 
prevent evaporation. EC and pH were measured in situ and later in the laboratory. 
3.2 Additional materials 
In addition to the geochemical samples collected for this study, geochemical and flow 
data of the area was collected from the Environmental Information System HERTTA 
(HERTTA database). Additionally, airborne thermal remote sensing material, filmed in 
July 2011 (Rautio and Korkka-Niemi, unpublished) along Rivers Yläneenjoki and 
Pyhäjoki as well as the shoreline of Lake Pyhäjärvi, was used to pinpoint sites of 
groundwater discharge into the rivers and the lake as well as to find springs. The 
obtained data was used in choosing sampling sites. 
4. METHODS 
4.1 Ion chromatography  
Ion chromatography (IC) was used to determine the concentrations of ions: Na, K, Ca, 
Mg, F, Cl, NO3, PO4 and SO4. Before analysis the frozen samples were melted and 
mixed thoroughly. From each sample, two sub-samples were prepared, one for cation 
and the other for anion analysis. For the cation samples, 0.1 ml of weak nitric acid 
(HNO3, ~1%) was added (1:100). The analyses were performed using a MIC-12 ion 
chromatograph (method SFS EN ISO 14911). 
Three duplicate and blank samples were prepared for both anion and cation analyses 
(every tenth sample). VKI certified reference material QC DWB major components in 
drinking water and RTC certified reference material Nutrients-WP were used as 
reference materials for the analysis. Three reference solutions of QC DWB were 
prepared for each cation and anion analysis, one of which was diluted 1:10. Nutrients-
WP was used as a reference to NO3 and as a result was only used for the anion analyses. 
Three solutions of Nutrients-WP were prepared, two of which were diluted 1:10 and 
one 1:20. Furthermore, calibration standards were used to ensure the accuracy of the 
analyses. Range of the calibration for each ion was determined based on earlier 
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measurements and research in the study area (e.g. Rautio & Korkka-Niemi 2015; 
HERTTA database). In total five standards were prepared for both cation and anion 
analyses with descending ion concentrations. For cation analyses, blank, reference 
samples and standard solutions were treated with weak HNO3 similar to the cation 
samples. 
The accuracy of the results was assessed by calculating ionic balances (IB) of the 
samples. Results under 10% IB were considered acceptable. Duplicate samples were 
compared with each other using relative standard deviation (RSD). With concentrations 
ranging from 0.1 to 1 mg L-1, RSD values under 15% were deemed acceptable and with 
concentrations over 1 mg L-1, RSD values under 10% were considered sufficient. 
Additionally, the results from the certified reference samples and blank samples were 
compared to the known values.  
4.2 ICP-MS 
Inductively coupled plasma mass spectrometry (ICP-MS) was used to measure the 
concentrations of DSi. The samples were mixed thoroughly after which the samples 
were filtered (0.45 μm) and 9.95 ml of each sample was poured in test tubes upon 50 μL 
of superpure 67 % nitric acid (HNO3). The analysis was carried out using an Agilent 
7500ce/c mass spectrometer. 
Duplicate samples were prepared for every fifth sample (a total of 6) and blank samples 
for every tenth sample (total of three). Blank samples consisted of sterile Milli- Q® 
water. Canadian certified reference material ION-915 was used as reference material for 
the analysis. Additionally, standardization was employed to assure the accuracy of the 
analysis. Internal (germanium and scandium) and external standards were used. For 
external standards, range of the calibration was determined based on earlier 
measurements of DSi concentrations in water samples in the study area and 
concentrations in the reference material (Rautio & Korkka-Niemi 2015). A total of 
seven standards were prepared using a standard solution with known DSi content, 
starting with a blank sample followed by ascending DSi concentrations. The blanks, 
reference samples and standard solutions were treated with HNO3 as the samples.  
After the analysis the square correlation coefficient (r2) of the calibration curve was 
examined (values above 0.995 were sufficient). Furthermore, the accuracy of the results 
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was assessed with the measured data of the blank, duplicate and reference samples. 
Possible blank samples with DSi content above detection limit would be used for blank-
correction. As with the IC duplicates, RSD values were calculated to evaluate the 
consistency of the results. Moreover, the measured values for the certified reference 
samples were compared with the known values. 
4.3 Stable isotopes 
The oxygen (16O and 18O) and hydrogen (H and D) isotope ratios were analyzed using a 
Picarro L1115-i Cavity ring down spectrometer at the University of Helsinki. The 
isotope ratios are represented by δD and δ18O as per mil (‰) difference relative to 
Vienna Standard Mean Ocean Water (VSMOW) which serves as a standard for stable 
hydrogen and oxygen isotopes. δD and δ18O are defined by: 
𝛿D or 𝛿 O =  
Rsample − RVSMOW
RVSMOW
18 × 1000      (1) 
where Rsample represents the D/H or 
18O/16O ratios of the samples and RVSMOW represents 
the corresponding ratios in the VSMOW standard. The analytical error of the analysis 
was ≤0.5‰ for δD and ≤0.1‰ for δ18O.  
Deuterium excess (d-excess) was calculated as an indicator of evaporation using the 
following equation (Dansgaard 1964; Kendall & Coplen 2001): 
d-excess= 𝛿D − 8𝛿 𝑂18       (2) 
According to Kendall & Coplen (2001), d-excess values notably below the global 
precipitation average of 10‰ indicate evaporation after precipitation. 
4.4 Radon analysis 
222Rn was analyzed from groundwater samples (as well as YLJO-B and YLJO-G) using 
gamma spectrometry (Radek MKGB-01) at Porilab. Due to measurement precision, 




4.5 Electrical conductivity, temperature, pH and alkalinity 
Electrical conductivity (EC), temperature and pH were measured in situ with a 
multiparameter water quality sonde (YSI 6920). Additionally, EC was measured in the 
laboratory using a CON6/TDS6 conductivity meter (SFS-5794). Alkalinity and pH were 
analyzed in the laboratory using a potentiometric automatic titrator (method SFS EN 
ISO 9963 1).   
 
4.6 Data analysis 
4.6.1 Hierarchical cluster analysis 
Hierarchical cluster analysis (HCA) is a multivariate statistical method that can be used 
to group hydrogeochemical samples/sampling sites (Güler et al. 2002; Cloutier et al. 
2008; Daughney et al. 2011). In this study, Ward’s method was employed as the 
clustering method and Euclidean distance as the distance measure. The cluster analysis 
was made using 12 variables (Na, Ca, Mg, K, Cl, F, SO4, HCO3, DSi, D and 
18O). Apart 
from DSi, D and 18O, all of the variables were log transformed in order to have them 
follow normal distribution more closely. Additionally, z-score standardization was 
employed to have all variables weighted equally (Daughney et al. 2011).  
4.6.2 Tracer based hydrograph separation 
One of the principal goals of this study was to evaluate the feasibility of geochemical 
modeling methods to determine surface water-groundwater interactions in the Lake 
Pyhäjärvi catchment. Geochemical hydrograph separation is a mass balance based 
method where stream/river flow (hydrograph) is separated to its source components 
(end-members). What these represent depends on the catchment and the tracers used. 
For example, Wels et al. (1991) were able to separate stream flow into surface and 
subsurface water using Mg and DSi as tracers at their study area in the Canadian shield. 
Meanwhile stable isotopes (mainly D and 18O) have been utilized to differentiate 
streamflow into new and old water (event and pre-event water, respectively) in a large 
number of studies (Sklash & Farvolden 1976; Hooper & Shoemaker 1986; Kennedy et 
al. 1986; Buttle & Peters 1997) among many others. Normally geochemical hydrograph 
separation is done during storm or snowmelt events with frequent sampling (minimum 
of one sample per hour). With the frequent sampling it is possible to determine how the 
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fractions of the end-members evolve during the storm event. Assuming a two 
component system, at a point in time the fraction of river water that is old water or 
subsurface water (definition depending on tracer used and geochemical conditions in the 
catchment) can be calculated with a mass-balance equation after Pinder & Jones (1969) 




       (3) 
where Ct  is concentration of the tracer in streamflow, Co is concentration in old water, 
Cn is concentration in new water and X is the fraction of old/subsurface water in the 
river. 
Due to limitations in the data collected, the stable isotopes (18O) were deemed the only 
tracers usable to make calculations of the groundwater fraction in surface water in the 
context of this study. Additionally, only a point in time result was acquired due to 
having only one sample per sampling site at a point of time. The samples PYJO1–
PYJO4 (Figure 1) were taken on a day with little rain, although there had been 
intermittent rain in the preceding days. The sample PYJO 5 was taken on the following 
day which experienced heavy rain showers.  
The uncertainty of the hydrograph separations was evaluated using a Gaussian 



















     (4) 
where Wfo represents the uncertainty of the hydrograph separation, fo and fn are the 
fractions of old and new water in the stream, and Co and Cn represent δ18O values in the 
old and the new water. WCo, WCn and WCt represent uncertainties in δ18O in the 
respective components of the hydrograph separation. WCo and WCn values were 
estimated as per Genereux (1998) using standard deviation and multiplying it with the 
corresponding t-value to obtain 95% and 80% confidence estimates for old and new 





5.1 Major ions 
When plotted on to a Piper diagram (Figure 5), which illustrates the proportions of 
major ions in the samples, the surface waters of Lake Pyhäjärvi catchment were similar 
to each other, the water type being Ca-HCO3, and in the case of River Yläneenjoki Ca-
Mg-HCO3 water. River Pyhäjoki samples had a slightly higher proportion of Ca and 
HCO3 compared to Lake Pyhäjärvi water. River Yläneenjoki samples had similar 
proportions of HCO3 compared to the River Pyhäjoki samples, but had Ca proportions 
close to Lake Pyhäjärvi samples. 
There was more variance in the groundwater samples. Especially the bedrock well 
samples were outliers compared to the other sample types and varied also among each 
other (Figure 5). Hoppendorff and Vahtera had highest proportions of Na, their water 
type being Na-Ca-HCO3 water, while the Kotiranta bedrock well sample resembled the 
surface water samples (Mg-Ca-HCO3), with slightly higher Mg proportion. There was 
also strong variance among the well samples, with Vehmasto having ion proportions 
close to the two input rivers. In addition, Kivimäki-well and HP5 samples had a 
composition very similar to Lake Pyhäjärvi samples. Koppala had a slightly higher SO4 
proportion, and HP4 well sample had a higher Cl proportion compared to the other 
samples in the Pyhäjärvi subcatchment. Spring samples had less variance compared to 
the other groundwater-based samples, with Myllylähde and Kankaanranta having higher 
Ca proportion. Myllylähde and Kankaanranta were classified as Ca-HCO3 water and 
YLJO-spring and Kotiranta-spring as Mg-Ca-HCO3 water. Additionally, the discharging 





Figure 5. Proportions of major ions (percent of total meq L−1) represented by a Piper diagram with all 
samples included. Bedrock well, well and spring samples are labeled. Different sample types are illustrated 
by colors and symbols. 
 
When plotted on Stiff diagrams (Figure 6), which depict the concentrations of major 
ions in the samples, there was a clear distinction between the different sample types. 
The discharging groundwater samples had considerably higher major ion concentrations 
compared to the lake samples. Especially Ca concentrations were higher in the 
discharging groundwater. The well samples had strong variance also when measured in 
concentrations. The magnitude of major ion concentrations in HP5 and to a lesser 
degree in HP4 resembled the lake water concentrations, though HP4 had a different 
composition, with higher concentrations of Ca, SO4 and Cl. Kivimäki-well had lower 
major ion concentrations than the discharging groundwater samples. Koppala had 
conciderably higher concentrations of Ca, Mg, HCO3 and SO4 in comparison with the 
other wells in the Pyhäjärvi subcatchment (Figure 6). 
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The bedrock well samples had also high variance in major ion concentrations and higher 
concentrations compared to the other sample types. The proportions between different 
ions were similar in Vahtera and Hoppendorff, but Hoppendorff had higher 
concentrations with high Na, Ca and HCO3. Kotiranta was very different from these two 
with relatively high concentration of Mg.  
  
 
Figure 6. Major ion concentrations (meq L−1) of samples from Pyhäjärvi subcatchment, represented by Stiff 
diagrams plotted on a map of the catchment (base map database, ©National Land survey of Finland 2010; 
drainage basins and sea areas database, ©SYKE 2010). 
 
In the Pyhäjoki subcatchment, the major ion concentrations showed little variation, the 
highest concentrations inherent to the sampling point closest to the lake (Figure 7). All 
the samples from the Pyhäjoki subcatchment, excluding Kotiranta-spring (Ca-Mg-
HCO3), were Ca-HCO3 water. The major ion concentrations of the springs from where 
River Pyhäjoki originates (Myllälähde and Kankaanranta) were fairly low and very 
similar to the river samples. Major ion concentrations increased slightly from the 
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springs towards the lake with PYJO1 having the highest concentrations. PYJO5 was a 
slight exception to this trend with a somewhat higher concentration in HCO3 compared 
to PYJO4 and PYJO3 further along the river. Kotiranta-spring had higher Ca and Mg 
concentrations than the river but was lower in HCO3. 
 
 
Figure 7. Major ion concentrations (meq L−1) of samples from Pyhäjoki subcatchment, represented by stiff 
diagrams plotted on a map of the catchment (base map database, ©National Land survey of Finland 2010; 
drainage basins and sea areas database, ©SYKE 2010; river network database, ©SYKE 2013). 
 
Major ion concentrations in the River Yläneenjoki samples did not vary much except in 
YLJO10 that had slightly smaller concentrations compared to other samples further 
along the river (Figure 8). Additionally, YLJO3 and YLJO5 had slightly higher HCO3 
concentrations compared to the other river samples. The tributary samples YLJO-B and 
YLJO-G had elevated major ion concentrations compared to the river samples with 
higher Ca, Mg K and HCO3 concentrations. YLJO6-B had lower concentrations 
compared to the tributary and river samples. Additionally, YLJO-spring had very low 
concentrations of major ions. Vehmasto was the only well sample from the Yläneenjoki 
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subcatchment. It had slightly higher major ion concentrations compared to YLJO-B and 
YLJO-G and was notably enriched in Ca and HCO3. 
 
Figure 8. Major ion concentrations (meq L−1) of samples from Yläneenjoki subcatchment, represented by 
Stiff diagrams plotted on a map of the catchment (base map database, ©National Land survey of Finland 
2010; drainage basins and sea areas database, ©SYKE 2010; river network database, ©SYKE 2013). 
Ionic balance (IB), duplicate, blank and reference samples were used to determine the 
accuracy of the analyses. All blank samples were satisfactory with below detection limit 
concentrations. Eight samples, most of which were surface water samples, exceeded the 
acceptable 10% IB limit (Table 1). The highest IB was found in PJ2 which was a lake 
sample and showed a marked cation deficit as expressed by the EC (in situ and 
laboratory). Three of the five River Pyhäjoki samples (PYJO1, PYJO2 and PYJO3) also 
exceeded the 10% IB limit. Of these samples, PYJO1 and PYJO5 showed notable gain 
in EC. The cation sums were in accordance with the in situ EC and anion sums with the 
laboratory-measured EC. PYJO2 had a high anion sum compared to both EC 
measurements. Samples from River Yläneenjoki had similar problems to River Pyhäjoki 
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samples, with YLJO1 acting similarly to PYJO1 and PYJO5, whereas YLJO3 and 
YLJO5 were similar to PYJO2. The bedrock well sample Kotiranta was the only 
groundwater sample with problems with ionic balance, having a deficit of anions 
compared to EC. YLJO1, YLJO3 and YLJO5 were only slightly over the 10% IB limit, 
whereas the rest of the problematic samples had values between 19.7 to 32.6% IB.  
Table 1. EC measured at the field and in the laboratory, anion and cation sums (meq L-1) as well as ionic 
balance (%) to help demonstrate the reliability of the major ion analysis. Red highlighting indicates 
problematic samples and values. 
 
 
EC   EC ∑Cations  ∑Anions  IB 
SAMPLE ID WATER TYPE in situ  lab meq L-1 meq L-1 % 
PJ1 Lake 0.087 0.087 0.824 0.902 4.6 
PJ2 Lake 0.089 0.073 0.477 0.939 32.6 
PJ4 Lake 0.094 0.094 0.823 0.851 1.7 
PJ3-DGW 
Discharging 
groundwater 0.264 0.274 2.564 2.442 2.4 
PJ5-DGW 
Discharging 
groundwater 0.204 0.213 1.873 1.929 1.5 
PYJO1 River Pyhäjoki 0.125 0.186 1.129 1.870 24.7 
PYJO2 River Pyhäjoki 0.113 0.106 1.115 1.543 16.1 
PYJO3 River Pyhäjoki 0.108 0.11 0.998 1.201 9.2 
PYJO4 River Pyhäjoki 0.107 0.108 0.996 1.052 2.7 
PYJO5 River Pyhäjoki 0.111 0.155 0.977 1.481 20.5 
YLJO1 River Yläneenjoki 0.151 0.177 1.418 1.751 10.5 
YLJO2 River Yläneenjoki 0.167 0.169 1.588 1.845 7.5 
YLJO3 River Yläneenjoki 0.18 0.168 1.615 2.113 13.4 
YLJO5 River Yläneenjoki 0.177 0.179 1.708 2.258 13.9 
YLJO10 River Yläneenjoki 0.134 0.134 1.362 1.291 2.7 
YLJO-B Yläneenjoki tributary 0.259 0.269 2.366 2.469 2.1 
YLJO6-B Yläneenjoki tributary 0.087 0.09 0.841 0.956 6.4 
YLJO-G Yläneenjoki tributary 0.209 0.21 2.200 2.180 0.4 
Kankaanranta Spring 0.088 0.089 0.823 0.876 3.1 
Myllylähde Spring 0.092 0.081 0.889 0.845 2.5 
Kotiranta-spring Spring 0.139 0.146 1.309 1.305 0.2 
YLJO-spring Spring 0.064 0.066 0.556 0.619 5.3 
HP4 Well 0.203 0.151 1.245 1.292 1.9 
HP5 Well 0.101 0.105 0.907 0.944 2.0 
Kivimäki-well Well - 0.211 1.805 1.885 2.2 
Koppala Well 0.326 0.353 3.822 3.332 6.8 
Vehmasto Well - 0.31 3.579 3.190 5.8 
Kotiranta Bedrock well 0.343 0.343 3.042 2.040 19.7 
Vahtera Bedrock well 0.318 0.344 3.642 3.281 5.2 




The relative standard deviation (RSD) values for the duplicate samples (Table 2) were 
mostly within acceptable levels (below 10 % and 15 % for concentrations over 1 mg L-1 
and under 1 mg L-1, respectively). The only exceptions were NO3 in PJ2 and PO4 in 
YLJO3 which were both below the detection limit of the Ion Chromatograph. 
Table 2.  Relative standard deviation (RSD%) of the three major ion samples that duplicates were made 
of. 
 
        RSD%         
 
  
       
  
SAMPLE ID Na  K Ca Mg F Cl NO3 PO4 SO4 
PJ2 0.3 4.8 2.6 0.8 1.7 0.1 40.4 - 0.4 
YLJO3 0.0 0.2 1.3 0.2 1.3 0.5 2.3 17.7 0.1 
Kivimäki-well 1.2 1.3 0.3 0.2 4.3 0.3 1.3 5.0 0.4 
 
*For values indicated in italic concentrations were below the detection limit of the analyser  
 
The yield results, calculated from the reference samples, suggested mostly good 
precision for the analysis (Table 3). Only the 1:20 diluted Nutrients WP had slightly low 
NO3 yield, though with the measured NO3 concentration being 4.54 mg L
-1 and the 
acceptance range of the certified material being 70−109 mg L-1 (in 1:20 diluted solution 
between 3.5−5.45 mg L-1) the result falls within accepted parameters. 
Table 3. The yield (%) of the results from the 2 major ion reference samples compared to the certified 
values. 
 
    Yield% compared to the certified value   
 
  
       
  
SAMPLE ID Na  K Ca Mg F Cl NO3 PO4 SO4 
VKI major component in drinking water 100.8 101.4 97.5 99.5 98.9 98.9 
  
102.5 




      
90.2 103.3 
 




5.2 Dissolved silica content 
In Pyhäjärvi subcatchment DSi concentrations varied between 0.52 and 11.81 mg L−1. 
Lake water had very low concentrations of DSi compared to groundwater samples in the 
area (Figure 9). There were no large variations between different types of groundwater 
samples. Even the discharging groundwater samples taken from the lakebed were 
comparable with other groundwater samples taken from wells and bedrock wells. The 
only anomaly was the HP5 well sample (Figures 1 and 2) which illustrated considerably 




Figure 9. Dissolved silica concentrations of samples from the Pyhäjärvi subcatchment, differentiated by 
sample type.  
 
In the Pyhäjoki subcatchment DSi concentrations varied between 3.73 and 6.74 mg L−1. 
There appeared to be a slight trend of lowering DSi concentrations in the river towards 
Lake Pyhäjärvi (Figure 10). Of the two source springs for the river, Myllylähde had a 
slightly lower concentration of DSi compared to Kankaanranta. The latter had a higher 
concentration of DSi compared to the river samples. Kotiranta-spring, which is situated 
between PYJO2 and PYJO1 river sampling sites, had considerably higher DSi content 






Figure 10. Dissolved silica concentrations of samples from the Pyhäjoki subcatchment, differentiated by 
sample type. The arrow indicates direction towards Lake Pyhäjärvi. 
 
In the Yläneenjoki subcatchment DSi concentrations varied between 1.28 and 13.87 mg 
L−1. The YLJO1−YLJO3 river samples showed little variance (Figure 11). YLJO10, 
which is situated furthest from Lake Pyhäjärvi, had slightly elevated DSi content 
compared to the former. YLJO5 was anomalous with considerably lower DSi 
concentration compared to the other river samples from Yläneenjoki. The samples from 
small tributaries (which flow to River Yläneenjoki) had elevated DSi concentrations 
compared to the samples from the river. A small spring YLJO-spring had similar DSi 
concentration compared to the tributaries. The highest DSi content was found in 






Figure 11. Dissolved silica concentrations of samples from the Yläneenjoki subcatchment, differentiated by 
sample type. The arrow indicates direction towards Lake Pyhäjärvi. 
 
The correlation coefficient (r2) of the calibration curve was within acceptable 
parameters and had a good linear fit. All four blank samples had DSi concentrations 
below the detection limit. As a result no blank-correction was required. Yield from the 
reference samples was also good (100.34%), with the acceptable range being 90−110% 
(Table 4). Furthermore, RSD values calculated from the duplicate samples were low. 
Table 4. Relative standard deviation (RSD%) of the DSi duplicate samples and the yield (%) compared to 
the known values of the ION-915 reference sample.  
SAMPLE ID RSD% Yield% 
PYJO3 0.99 - 
YLJO3 1.05 - 
YLJO-G 0.15 - 
Kotiranta-spring 0.30 - 
Vehmasto 0.77 - 
Hoppendorff 0.10 - 





5.3 Stable isotopes 
As expected, samples from surface waters were more enriched with the heavier isotopes 
compared to groundwater samples, due to isotopic fractionation during evaporation. The 
highest δD and δ18O values in the study area were −56.33‰ and −6.82‰, respectively. 
The lowest δD and δ18O values were −86.04‰ and −11.99‰, respectively (Table 5). 
Samples from Lake Pyhäjärvi had the highest concentrations of the heavier isotopes 
with δD and δ18O values ranging from −57.92‰ to −56.33‰ and from −6.99‰ to 
−6.82‰, respectively (Table 5). d-excess values calculated from the lake samples 
showed signs of evaporation, ranging from −2.42 to −0.41. 
Samples from River Pyhäjoki had δD and δ18O values ranging from −81.08‰ to 
−79.38‰ and −11.16‰ to −10.86‰, respectively (Table 5). The calculated d-excess 
values from the river were notably higher compared to Lake Pyhäjärvi samples, ranging 
from 6.93‰ to 8.20‰, and only slightly lower than groundwater samples. Additionally, 
there was a slight decrease in d-excess values toward the mouth of the river. 
Samples from River Yläneenjoki had higher proportions of the heavier isotopes 
compared to River Pyhäjoki. The δD and δ18O values ranged from −70.04‰ to 
−66.08‰ and −9.67‰ to −8.47‰, respectively (Table 5). There was variance in the d-
excess values of River Yläneenjoki with the values ranging from 0.47 of YLJO5 to 7.33 
of YLJO10. In terms of d-excess, YLJO10 was an outlier resembling more the samples 
taken from River Pyhäjoki and Yläneenjoki tributaries. Additionally, YLJO5 (Figures 1 
and 2) was slightly anomalous with a d-excess value closer to Lake Pyhäjärvi samples. 
The rest of the samples taken from River Yläneenjoki had d-excess range of 3.19 to 
3.84 and were relatively close in δD and δ18O values.  
Samples from Yläneenjoki tributaries had a relatively large variance in δD and δ18O 
values, ranging from −77.98‰ to −62.91‰ and −10.96‰ to −8.92‰, respectively 
(Table 5). In terms of d-excess values they resembled YLJO10 and River Pyhäjoki 
samples with a range of 6.91‰ to 9.70‰. YLJO6-B had the highest d-excess value 




Table 5. δD and δ18O as well as the calculated d-excess values of the samples with sample type specified. 
Sample ID Sample type δD ‰ VSMOW δ18O ‰ VSMOW d-excess 
PJ1 Lake -57.92 -6.99 -2.00 
PJ2 Lake -56.98 -6.82 -2.42 
PJ4 Lake -56.33 -6.99 -0.41 
PJ3-DGW Discharging groundwater -84.62 -11.55 7.78 
PJ5-DGW Discharging groundwater -84.75 -11.65 8.45 
PYJO1 River Pyhäjoki -80.35 -10.91 6.93 
PYJO2 River Pyhäjoki -79.61 -10.89 7.51 
PYJO3 River Pyhäjoki -80.94 -11.08 7.66 
PYJO4 River Pyhäjoki -79.38 -10.86 7.50 
PYJO5 River Pyhäjoki -81.08 -11.16 8.20 
YLJO1 River Yläneenjoki -66.08 -8.74 3.84 
YLJO2 River Yläneenjoki -66.95 -8.81 3.53 
YLJO3 River Yläneenjoki -67.45 -8.83 3.19 
YLJO5 River Yläneenjoki -67.29 -8.47 0.47 
YLJO10 River Yläneenjoki -70.04 -9.67 7.33 
YLJO-B Yläneenjoki tributary -70.29 -9.65 6.91 
YLJO6-B Yläneenjoki tributary -77.98 -10.96 9.70 
YLJO-G Yläneenjoki tributary -62.91 -8.92 8.45 
Kankaanranta Spring -86.04 -11.99 9.89 
Myllylähde Spring -85.74 -11.85 9.03 
YLJO-spring Spring -79.70 -11.02 8.46 
HP4 Well -85.03 -11.55 7.37 
HP5 Well -59.34 -7.30 -0.94 
Kivimäki-well Well -84.20 -11.42 7.16 
Koppala Well -83.65 -11.75 10.35 
Vehmasto Well -82.77 -11.52 9.39 
Kotiranta Bedrock well -83.23 -11.59 9.50 
VAHTERA Bedrock well -81.90 -11.56 10.55 
Hoppendorff Bedrock well -83.44 -11.55 8.93 
 
 
All of the different groundwater samples (including spring samples) had relatively high 
d-excess values and lower δD and δ18O values compared to the samples taken from 
most of the surface water sites, with the exception of River Pyhäjoki samples and 
YLJO6-B (Table 5). The only clearly anomalous groundwater sample was HP5 (Figure 
1) which had a stable isotope composition close to the samples taken from Lake 
Pyhäjärvi (Table 5). Also YLJO-spring had an isotopic composition that resembled 
River Pyhäjoki and YLJO6-B samples. Furthermore, it was slightly enriched in the 
heavier isotopes compared to other samples from groundwater sources. Besides the 
clearly anomalous HP5 sample, there was very little variance in stable isotopic 
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composition of the groundwater samples with δD and δ18O values ranging from 
−79.70‰ to −86.04‰ and −11.99‰ to −11.02‰, respectively. There was some 
variance in d-excess values ranging from 7.16 to 10.35. A somewhat surprising result 
was that the spring samples, Myllylähde and Kankaanranta, had lower δD and δ18O 
values than the bedrock well samples which were very similar to the other groundwater 
samples (wells and discharging groundwater). 
5.4 Radon 
Samples from bedrock wells had the highest concentrations of 222Rn (195.0–133.3 Bq 
L−1) in the study area. The highest and second highest concentrations (195.0 Bq L−1 and 
168.8 Bq L−1, respectively) were measured from samples that are in an area were the 
bedrock is mostly rapakivi granite (Figure 12). 
In well samples, the concentrations were considerably lower and showed more variance 
than in bedrock well samples, ranging from 39.8 Bq L−1 to 6.7 Bq L−1 (Figure 12). 
Again, the highest concentrations were found near areas with rapakivi granite.  
Radon concentrations in spring samples were comparable to well samples in the area, 
the highest concentration being 59.8 Bq L−1 and lowest 4.0 Bq L−1. Kotiranta-spring 
with the highest concentration was slightly anomalous compared to the rest of the 
springs with over twice the concentration of the second highest, Kankaanranta (22.8 Bq 
L−1) (Figure 12). Concentrations in the two samples taken from discharging 
groundwater were low (14.3 and 4.4 Bq L−1). Additionally, the only two surface water 





Figure 12. Radon−222 concentrations plotted on a lithology map of the study area. Circles outside of the 
map represent relative radon−222 concentrations between sampling sites. Concentration of each sampling 
site correlates to the area of the corresponding circle (bedrock of Finland 1:200 000, ©Geological Survey 





5.5 Electrical conductivity, pH, temperature and alkalinity 
Temperature, EC (in situ and laboratory), pH and alkalinity results are represented in 
Table 6. Groundwater samples had considerably lower temperatures compared to the 
surface water samples. For the most part, pH values ranged from slightly above 6 to 8 in 
the study area. The highest measured pH in the study area (9) was found in the lake 
sample PJ2 and the lowest value was found in the sample PYJO2 from River Pyhäjoki, 
with a pH of 6.24. Generally, the highest pH values were found in samples taken from 
Lake Pyhäjärvi, although there was a relatively large variance among them (7.36–9.00). 
Most of the lower pH values were measured from groundwater samples (6.24–7.76), 
while Myllylähde and Kankaanranta springs and the HP5 well sample all had slightly 
elevated pH values compared to other groundwater samples. All of the other 
groundwater samples had a pH under 7. There was little difference in terms of pH 
between the two input rivers. Additionally, Yläneenjoki tributaries had a similar pH to 
the rivers. The only anomalous river sample was the PYJO2 sample from River 
Pyhäjoki with the lowest pH value in the study. 
EC was measured both in situ and in the laboratory. In the Pyhäjärvi subcatchment there 
was high variance in EC values ranging from below 0.100 mS cm-1 of the lake samples 
to above 0.400 mS cm-1 in Hoppendorff bedrock well sample (Table 6). Not 
surprisingly, the groundwater samples had much higher EC values compared to the lake 
water samples. The only exception was the HP5 well sample which resembled the lake 
samples in EC. Comparing the in situ values to the values measured in the laboratory, 
there was minor variance in most of the samples. In the Pyhäjoki subcatchment EC 
values were relatively low (Table 6). The highest in situ value was measured in a 
sample from Kotiranta-spring (0.139 mS cm-1) and lowest from Kankaanranta spring 
sample (0.88 mS cm-1). Unlike in the Pyhäjärvi subcatchment, the groundwater samples 
(springs) did not have a higher EC compared to the river samples. While there was not 
much variance between in situ measurements in the catchment, there were considerable 
differences between the in situ and laboratory measurements for PYJO1 and PYJO5 
river samples. In the Yläneenjoki subcatchment EC values were generally higher 
compared to the Pyhäjoki subcatchment. The in situ values ranged from 0.259 mS cm-1 
of YLJO-B tributary to 0.064 mS cm-1 of YLJO-spring (Table 6). River Yläneenjoki 
samples had EC values between 0.180 and 0.134 mS cm-1. Taking in to account the 
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laboratory measurements, the Vehmasto well had the highest EC value of the 
catchment. There was minor discrepancy between the in situ measurements and the 
laboratory measurements. 
Table 6. Temperatures of the samples at the time of sampling, EC in situ and lab, pH as well as alkalinity 
of the samples with sample type specified. 
SAMPLE ID WATER TYPE T sample EC  in situ EC lab pH Alkalinity 
    oC mS cm-1 mS cm-1   mmol L-1 
PJ1 LAKE 18.68 0.087 0.087 7.99 0.548 
PJ2 LAKE 18.6 0.089 0.073 9.00 0.714 
PJ4 LAKE 19.66 0.094 0.094 7.36 0.491 
PJ3-DGW DGW 8.5 0.264 0.274 6.54 1.354 
PJ5-DGW DGW 10.80 0.204 0.213 6,57 1.068 
PYJO1 River Pyhäjoki 14.98 0.125 0.186 6.88 1.544 
PYJO2 River Pyhäjoki 15.63 0.113 0.106 6.14 1.24 
PYJO3 River Pyhäjoki 16.61 0.108 0.110 7.05 0.94 
PYJO4 River Pyhäjoki 15.85 0.107 0.108 6.97 0.782 
PYJO5 River Pyhäjoki 14.67 0.111 0.155 7.12 1.193 
YLJO1 River Yläneenjoki 16.9 0.151 0.177 7.04 1.31 
YLJO2 River Yläneenjoki 16.35 0.167 0.169 7.17 1.366 
YLJO3 River Yläneenjoki 14.94 0.180 0.168 7.31 1.691 
YLJO5 River Yläneenjoki 15.80 0.177 0.179 6.85 1.852 
YLJO10 River Yläneenjoki 12.89 0.134 0.134 7.46 0.983 
YLJO6-B Tributary 12.34 0.087 0.090 7.17 0.71 
YLJO-B Tributary 12.36 0.259 0.269 6.80 1.69 
YLJO-G Tributary 12.2 0.209 0.210 7.42 1.46 
Koppala Well 5.92 0.326 0.353 6.93 1.598 
HP5 Well 9.06 0.101 0.105 7.60 0.522 
HP4 Well 5.01 0.203 0.151 6.98 0.482 
Kivimäki-well Well - - 0.211 - 0.868 
Vehmasto Well - - 0.310 - 2.461 
Kotiranta-spring Spring 7.10 0.139 0.146 6.76 0.912 
YLJO-spring Spring 11.83 0.064 0.066 6.38 0.349 
Myllylähde Spring 10.09 0.092 0.081 7.76 0.653 
Kankaanranta Spring 6.77 0.088 0.089 7.59 0.658 
Hoppendorff Bedrock well 7.70 0.443 0.427 6.24 3.552 
Kotiranta Bedrock well 5.43 0.343 0.343 6.90 1.383 






6.1 Hydrogeochemistry of the study area 
6.1.1 Pyhäjärvi subcatchment 
The samples from Lake Pyhäjärvi had a water type of Ca-HCO3 water (Figures 5 and 
6), which complies with other surface waters in southwestern Finland (Lahermo et al. 
1996). Not surprisingly, they also possessed a relatively low and stable EC compared to 
the groundwater samples of the subcatchment. One of the samples (PJ2) had an 
anomalously high pH (9.00) compared to the other two lake samples (Table 6), which 
could be explained by algal photosynthesis that can affect pH (Wetzel 2001). 
Concentrations of DSi were very low in the lake water (Figure 9), most likely due to 
diatom growth in the summer months (Neal et al. 2005). Additionally, high precipitation 
could have contributed to this.  
Looking at the stable isotopes (Table 5, Figure 13), there was evidence of considerable 
evaporation in the lake; the d-excess values were very low and the samples were 
distinctly below the Local Meteoric Water Line (LMWL) (Kendall & Coplen 2001). 
The evaporation is reinforced by the large surface area of the lake compared to its depth. 
The three different types of groundwater samples were much more heterogeneous in 
terms of major ion composition compared to the lake water samples, likely related to 
variance in soil and bedrock geology, residence times of the waters and anthropogenic 
influence (Lahermo et al. 1996). With regard to water type, the two DGW samples 
resembled their lake water counterparts (Figure 5). However, they had notably higher 
concentrations of major ions, EC and lower pH which were consistent with the other 
groundwater samples from the subcatchment. Somewhat surprisingly, the well sample 
from Kivimäki-well, which was taken less than 10 meters from the PJ3-DGW sampling 
site, had lower concentrations of major ions compared to the DGW sample. This may be 
due to anthropogenic contamination (e.g. de-icing chemicals and agriculture) (e.g. 
Nysten 1998) as these sampling sites were in the middle of the municipality of Säkylä 
and the shallower groundwater is likely to be more easily affected. However, the close 
proximity of the two sampling sites suggests that both derive their waters from the same 
aquifer and that the difference in the major ion concentrations could instead be 
explained by chemical reactions occurring in the lakebed as the groundwater discharged 
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to the lake (e.g. Winter et al. 1998). The Koppala well, situated close to an old barn 
building and large roads in a rather urban area in the municipality of Säkylä, had high 
major ion concentrations compared to other wells in the subcatchment. Especially Mg, 
SO4 and NO3 were elevated, which is likely due to contamination from anthropogenic 
sources, e.g. fertilizers (Lahermo et al. 1996).  
Figure 13. Relationship between δD and δ18O in Greater Pyhäjärvi catchment, compared to the Global 
Meteoric Water Line (δD=8.0 δ18O + 10.0‰) and the Local Meteoric Water Line of Finland (δD=7.67 δ18O 
+ 5.79‰) (Kortelainen 2007). 
 
The Koppala well did not show any signs of evaporation in the stable isotope results. 
The DGW and Kivimäki-well samples showed only minor deviation from the GMWL 
and LMWL (Figure 13), with slightly lowered d-excess values compared to the GMWL. 
This minor sign of evaporation could in part be due to the proximity of the lake (<10 m 
to the sampling sites) that might have in some locations infiltrated into the aquifer (in 
addition to possible direct evaporation from the aquifer). However, the concentrations 
of the heavier isotopes in all of these samples were remarkably close to each other, not 
supporting lake water infiltrating the aquifers (Figure 13). 222Rn concentrations were 
below the limit of 30 Bq L-1 set by the Porilab, and might thus not be precise. These low 
values are most likely due to low uranium content in the soil (mainly glacial deposits) 
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and bedrock (sandstone) of the area which affects the sampling sites (Figure 12) (e.g. 
Ellins et al. 1990). 
The HP4 and HP5 well samples situated near the Lohiluoma water intake plant (Figure 
2) had considerably lower major ion concentrations compared to the other groundwater 
samples in the subcatchment. Additionally, HP5 had pH and EC values which 
resembled the lake water samples more than other groundwater samples. The stable 
isotope results confirmed that HP5 consisted mainly of lake water; the d-excess value 
complied with the values from lake samples and the sample plots among the lake water 
samples when plotting it against the GMWL and LMWL (Figure 13) (Kendall & 
Coplen 2001). DSi was also anomalously low, which might be a result of depletion of 
easily available silica in the soil due to constant flow of silica poor lake water through 
the sediment (Wels et al. 1991). The aquifer is recharged artificially at the Lohiluoma 
intake plant by sprinkling lake water on top of forested land above the aquifer (Rautio & 
Korkka-Niemi 2015). Additionally, it is likely that lake water infiltrating through the 
lakebed also makes its way to the HP5 well, explaining the lack of groundwater 
influence in the sample. HP4 has only slight evidence of evaporation, when looking at 
the d-excess value, and likely consists primarily of groundwater (Table 5). Both 
samples had a relatively high Rn-222 concentration, which is most likely affected by the 
proximity of the uranium bearing rapakivi granite bedrock (Figure 11) (Lahermo et al. 
1996). 
The highest major ion concentrations in the study area were unsurprisingly found in 
bedrock wells (Figure 6). This can be explained with the longer residence times that 
groundwater in bedrock usually has in Finland (Lahermo et al. 1996). The Hoppendorff 
bedrock well had the highest overall major ion concentrations and EC. The location of 
the well in the central region of the municipality of Säkylä can partly explain the high 
values (especially Na and Cl), suggesting possible anthropogenic contamination. For 
instance, de-icing chemicals (NaCl) are used to keep roads free from ice in winter times 
(Nysten 1998). Additionally, the anomalously high alkalinity could also be attributed to 
anthropogenic sources (Lahermo et al. 1996). Another bedrock well which was likely 
affected by de-icing chemicals was Vahtera which had high Na concentration and was 
situated close to a heavily trafficked road (Figure 6).  
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Bedrock wells did not have notably higher DSi concentrations compared to other 
groundwater sites (Figure 9). The Kotiranta bedrock well sample had the highest 
concentration, but the other two bedrock well samples had slightly lower DSi content 
than other groundwaters (apart from HP5). This implicates that residence time was not 
the primary controlling factor of DSi concentrations in the studied system. It is more 
likely that the amount of easily available silica in the bedrock and soil is a more 
important factor explaining the differences in DSi between different groundwaters 
(Wels et al. 1991). There were no signs of evaporation in the stable isotope results of 
the bedrock well samples (Figure 13). As expected, the highest 222Rn concentrations 
were found in the bedrock wells residing in the rapakivigranite area (Figure 12). This is 
due to the relatively high content of uranium in the rapakivigranites (Lahermo et al. 
1996). 222Rn content was lower in the Hoppendorff bedrock well likely due to different 
lithology, though the difference was not large. 
Regarding the reliability of the results, the PJ2 lake water sample was highly 
questionable in terms of major ions with an ionic balance of 32.6% and a severe cation 
deficit when comparing the cation sum to EC (Table 1). It is likely that at least the 
cation results are inaccurate in PJ2. Additionally, the Kotiranta bedrock well sample 
also had problems with ionic balance (19.7%) with a notable deficit of anions. All of the 
other samples as well as other analyses of the samples with high IB% were within 
acceptable parameters.  
6.1.2 Pyhäjoki subcatchment 
Similar to the Pyhäjärvi subcatchment, the samples from the Pyhäjoki subcatchment 
(river and spring samples) were Ca-HCO3 water, consistent with other river and spring 
waters in southwestern Finland (Lahermo et al. 1996). With some major ions (Mg, Na, 
Cl) the river samples showed minor increase in concentrations towards the mouth of the 
river (Figure 14). This may be due to anthropogenic disturbances (e.g. Lahermo et al. 
1996), as there was more agriculture and denser housing near the mouth of the river. In 
addition, road de-icing could have further contributed to the rise in Na and Cl 
concentrations (Nysten 1998) toward Lake Pyhäjärvi. Another plausible explanation 
would be discharge of groundwater along the river with higher concentration of the 
major ions in question (e.g. Pinder & Jones 1969; Hooper & Shoemaker 1986). 
However, there was no such trend with the remaining major ions. 
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A similar trend of rising concentrations toward the mouth of the river was also observed 
in the in situ EC results (Figure 15), while not detected in the EC measurements 
performed at the laboratory. In particular, PYJO5 and PYJO1 had a notable increase in 
EC between the in situ and laboratory measurements. This could be due to analytical 
error or possibly due to dissolution of the solids in suspension between the 
measurements. River Pyhäjoki samples had lower water temperatures compared to Lake 
Pyhäjärvi samples, which could indicate discharge of groundwater (cooler than surface 
water in summer) in to the river. The lower pH (similar to groundwater samples) in the 
river compared to Lake Pyhäjärvi could also be attributed to this. However, it is more 
likely that the cooler water temperatures can be attributed to river flow velocity and the 
shadiness of the river channel since there is no notable difference between the water 
temperatures of Rivers Pyhäjoki and Yläneenjoki.  
Figure 14. Concentrations of Cl, Na and Mg in the samples from the Pyhäjoki subcatchment, differentiated 
by sample type. The arrow indicates direction towards Lake Pyhäjärvi. 
 
The DSi concentrations in River Pyhäjoki showed an inverted trend compared to some 
of the major ions (Mg, Na, Cl) (Figure 10), dropping from PYJO5 to PYJO3 and then 
remaining stable. This decrease in DSi concentrations could in part be attributed to 
wetlands that discharge to River Pyhäjoki. According to Wels et al. (1991), wetlands in 
their study area in the Canadian shield area acted as DSi sinks during the warm months 
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of the year due to diatom growth. In addition, the more abundant agriculture coupled 
with fine silty sediments (less permeable soils) closer to the mouth of the river might 
cause ponding which would enable diatom growth and thus lead to water poorer in DSi 
(Figure 10). Furthermore, buffer zones, sedimentation ponds and wetlands built to 
mitigate external loading to Lake Pyhäjärvi (Kirkkala et al. 2012b) could reinforce this 
process. 
The stable isotope results of the River Pyhäjoki samples indicated only minor 
evaporation with a barely noticeable trend of lower d-excess values toward the mouth of 
the river. There was only a very slight deviation between the river samples and the 
LMWL (Figure 13). Additionally, the δD and δ18O values of the river samples were 
much closer to those of the groundwater samples than the Lake Pyhäjärvi samples 
(Figure 13). According to Kortelainen (2007), precipitation in southern Finland in July 
and August (Espoo) had a 5 year mean δ18O value of −8.91‰ and −9.36‰, 
respectively. The river samples had notably lower δ18O values, ranging from -11.16‰ 
to -10.86‰, indicating that a substantial proportion of the river water likely consisted of 
groundwater. On the other hand, the July-August minimum δ18O monthly mean value 
for precipitation in southern Finland in Kortelainen’s (2007) study was as low as -
11.23‰, and thus the observed values fall within the range of natural variability. 
Because of this high variability of stable isotopes in precipitation, it would be beneficial 
to sample precipitation when using stable isotopes to determine source components of 
river water.  
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Figure 15. Electrical conductivity (laboratory measurements in grey) of samples from the Pyhäjoki 
subcatchment, differentiated by sample type. The arrow indicates direction towards Lake Pyhäjärvi. 
 
 
The three spring samples were the only groundwater samples from the Pyhäjoki 
subcatchment. In terms of major ions, EC and pH, they could be divided into two types 
of water. The first type was represented by Myllylähde and Kankaanranta springs, 
having low major ion concentrations (excluding Ca) and EC compared to the river 
samples. This type was also characterized by an anomalously high pH compared to 
other groundwaters in the study area. According to Kortelainen and Karhu (2009), the 
water of Myllylähde and Kankaanranta springs originates from the nearby calcite 
bearing Säkylänharju-Virttaankangas esker aquifer which likely explains the high pH in 
the samples.  
The other spring water type was represented by Kotiranta-spring which had higher 
concentrations of Mg, Cl, Na and NO3 compared to the river samples and the other 
springs. In addition, it had EC and pH values close to those of the river samples and 
higher than those of the other springs. The Kotiranta-spring was situated approximately 
50 meters from the River Pyhäjoki riverbank and it is therefore plausible that it 
discharges into the river. Assuming that this type of groundwater was discharging into 
the river on a wider scale, it would explain the rising Mg, Na and Cl concentrations 
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toward the mouth of the river. However, with only one sampling point, far reaching 
conclusions should be avoided. 
DSi concentrations were highest in the Kotiranta-spring and slightly lower in 
Kankaanranta and Myllylähde springs. This difference was not a surprise, since 
Myllylähde and Kankaanranta have a different source of water compared to Kotiranta-
spring. The coarser grained esker aquifer where Myllylähde and Kankaanranta derive 
their waters might be poorer in easily available silica compared to the finer grained soil 
in the area of Kotiranta-spring. The high DSi in Kotiranta-spring contradicted with the 
idea that this type of water had a notable impact in the hydrogeochemistry of River 
Pyhäjoki since there was a trend of lowering DSi concentrations towards the mouth of 
the river. However, the DSi concentration difference between PYJO5 and PYJO1 was 
less than 1 mg L-1. Moreover, there were some places in the river where water might 
stand still and diatom growth could affect the DSi concentrations. Furthermore, artificial 
wetlands and sedimentation ponds built on the river banks to mitigate nutrient loading 
as well as wetlands further away could also lower the DSi content (Wels et al. 1991; 
Kirkkala et al. 2012b).  
Examining the stable isotope results, there was no evidence of evaporation in 
Myllylähde and Kankaanranta with d-excess values close to that of the GMWL (Table 
5) (Kendall & Coplen 2001). They also plotted very close to the LMWL line (Figure 
13). Kotiranta-spring had the highest 222Rn concentration of all the groundwater 
samples in the study area, excluding the bedrock wells (Figure 12). One explanation for 
this would be granodiorite bedrock which might contain relatively high amounts of 
uranium (Ellins et al. 1990; Lahermo et al. 1996). Both Myllylähde and Kankaanranta 
had 222Rn below 30 Bq L-1, with Kankaanranta just below and Myllylähde having a very 
low concentration of 4.0 Bq L-1. The most likely explanation for the low 222Rn 
concentration in Myllylähde is the sampling site which was a relatively high angled 
runnel with a high flow velocity where the gas could easily escape the water (Ellins et 
al. 1990). 
Regarding the reliability of the results in the Pyhäjoki subcatchment, there was 
significant problems with PYJO1, 2 and 5 considering major ions (Table 1). PYJO1 and 
5 had IB values over 20% and PYJO2 had an IB value of 16.1% when below 10% was 
considered adequate and below 5% good. In case of PYJO1 and PYJO5 EC in the 
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samples changed considerably between the field and laboratory measurements 
indicating dissolution of solid and perhaps chemical reactions in between 
measurements. In PYJO2 there seemed to be too high of a concentration of anions 
compared to the EC measurements. With PYJO1 and 5 it is impossible to tell with the 
EC varying between the measurements. In any case, these three samples cannot be 
considered reliable in terms of major ions. Another uncertainty is related to the very low 
NO3 concentrations compared to earlier measurement/studies in the study area (e.g. 
Rautio & Korkka-Niemi 2015). All other analyses were within parameters. 
6.1.3 Yläneenjoki subcatchment 
The surface waters in the Yläneenjoki subcatchment were Ca-Mg-HCO3 waters. This, 
coupled with the fact that most major ion concentrations (Na, K, Mg, Cl) and EC were 
considerably higher than in River Pyhäjoki, separated them from the surface waters of 
the rest of Lake Pyhäjärvi catchment (Figure 8, Table 6). This could be taken as a sign 
of greater groundwater discharge to the river compared to River Pyhäjoki. However, it 
is more likely the key reasons for this are the differences in surface geology and land 
use in the two subcatchments. Compared to the Pyhäjoki subcatchment, the Yläneenjoki 
subcatchment had generally finer grained sediments with abundant clays near the river 
(Figure 4). Finer sediments have a greater reactive surface area, which leads to higher 
EC and major ion concentrations in waters flowing through them (Lahermo et al. 1996). 
Furthermore, agricultural land use was more widespread in the Yläneenjoki 
subcatchment most likely contributing to the higher EC and major ion concentrations. 
There was a slight trend of lowering concentrations toward the mouth of the river in Ca, 
K and HCO3, possibly indicating dilution of the river downstream by water with a lower 
content of these ions. Another explanation could be chemical reactions and/or 
absorption to the riverbed or to solids in suspensions (Lahermo et al. 1996).  
The three tributaries of River Yläneenjoki had considerable variance in terms of major 
ion concentrations and EC (Figure 8 and Table 6). This was not surprising since they 
likely represent a much more local type of water compared to the main channel of River 
Yläneenjoki showing the characteristics of their immediate surroundings in their water 
chemistries. YLJO-B and YLJO-G had high major ion concentrations and EC which 
reflected their location in the middle of dense agricultural areas with exposed clay soils 
dominating. On the other hand, YLJO6-B with a generally low major ion content and 
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EC was situated in an area with relatively little agriculture and more forested 
surroundings (Lahermo et al. 1996).  
In River Yläneenjoki the highest DSi concentration was measured from the head water 
sample YLJO10. There was a large drop in DSi concentration between YLJO10 and the 
next sampling site down the river (YLJO5). Due to the large gap in sampling between 
YLJO10 and YLJO5, it is not possible to determine whether this was a gradual drop or a 
localized phenomenon at YLJO5. From YLJO5 to YLJO3 the DSi content roughly 
doubled and remained relatively stable all the way to YLJO1. The most likely 
explanation for the drop in DSi content at YLJO5 was diatom uptake of the silica (Neal 
et al. 2005). There were a number of small bays and ponds were water could lie 
relatively still and enable diatom growth between YLJO10 and YLJO5 along the river. 
Furthermore, another contributing factor could have been artificial wetlands and 
sedimentation ponds built close to the river to mitigate nutrient loading (Kirkkala et al. 
2012b).  
In the tributary samples DSi was considerably higher than in the main river. This could 
be interpreted as higher relative levels of groundwater in these samples compared to the 
river samples. Another explanation would be that the relatively high DSi concentrations 
in these cases originated from surface runoff. The latter explanation is plausible with 
exposed soils of the agricultural land abundant in the subcatchment also taking into 
account a study by Kennedy (1971) which suggested that only a few minutes of contact 
time was needed between soil and overland flow to produce DSi concentrations up to 12 
mg L-1. Additionally, in a more recent study Asano et al. (2003) concluded that flow 
paths did not affect DSi concentrations in their study area which supports the idea that 
high levels of DSi in surface runoff may be common. 
River Yläneenjoki waters showed considerable evaporation as indicated by the stable 
isotope results. There was considerable deviation from the GMWL and LMWL with d-
excess values ranging from 0.47 to 7.33 in the main river samples (Table 5 and Figure 
13) (Kendall & Coplen 2001). The headwater sample YLJO10 was the only river 
sample from Yläneenjoki that did not show notable evaporation (d-excess 7.33). As 
with major ions and EC, stable isotopes of the tributary samples showed considerable 
variance. YLJO-B was practically identical to YLJO10 in terms of δD and δ18O 
proportions as well as d-excess deviating only slightly from the GMWL (Figure 13). 
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This is not surprising when considering that the river in the YLJO10 headwater 
sampling site was quite small compared to the sampling sites down river and resembled 
the tributary sites in terms of size, flow and catchment area more than the other main 
channel sampling sites. Additionally, taking in to account that the sampling was done 
during a rainy day, direct precipitation and surface runoff would have had a bigger 
impact in these smaller streams than the bigger river. YLJO-G and YLJO6-B sites 
showed practically no evaporation but differed notably in the proportions of the heavier 
isotopes (Figure 13). YLJO-G had δD and δ18O proportions which fall within the range 
of southern Finland summer precipitation monthly mean values by Kortelainen (2007). 
Since no sampling of precipitation was done during this study it is impossible to be 
certain, but it is possible that YLJO-G represents the mean stable isotope proportions of 
precipitation during or slightly before the sampling in the study area. At the very least, 
this was strong evidence that much of this water originated from precipitation most 
likely during the summer months of the sampling year. On the other hand, when plotted 
against the GMWL and LMWL, YLJO6-B resided much closer to groundwater samples 
in the area (Figure 13). The sample was taken during rain which would have most likely 
enriched it with the heavier isotopes. Interpreting these results, it would seem likely that 
YLJO6-B consisted of mainly groundwater with a small proportion of surface runoff 
and direct precipitation. 222Rn was measured from the tributary sites YLJO-B and 
YLJO-G but the measured concentrations were clearly below the reliable detection limit 
of 30 Bq L-1 (Figure 12). This was not a surprise since the samples were taken from 
flowing surface water where the gas could have escaped (Ellins et al. 1990) 
There were only two groundwater samples from the Yläneenjoki subcatchment. These 
two samples differed considerably in terms of major ion concentrations and EC. The 
Vehmasto well sample had the highest major ion content and EC in the subcatchment, 
whereas YLJO-spring had lower values even compared to the surface waters. In part 
this could be explained by the water in the well most likely belonging to a deeper 
aquifer with longer residence times, whereas the spring water could be a part of a 
shallower aquifer. Another reason would be differences in lithology, and even more so, 
surface geology. Sediments at YLJO-spring consist of mostly till, while clays are more 
prevalent near the Vehmasto well. Perhaps the most important factor was the 
differences in land use (Lahermo et al. 1996). Vehmasto well is situated in the middle of 
a vast agricultural land, while YLJO-spring is at a more natural forested location. 
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DSi was also higher in Vehmasto than YLJO-spring, though YLJO-spring had notably 
higher DSi content compared to the surface water samples. The reasons for the 
difference in DSi content between the two groundwaters can presumably be attributed 
to difference in easily available silica in the soils and residence time of the water in the 
aquifer (Wels et al. 1991; Lahermo et al. 1996). Stable isotope results showed very little 
evaporation with barely any deviation from the LMWL (Figure 13), d-excess values for 
Vehmasto and Kotiranta-spring being 9.39 and 8.46, respectively. YLJO-spring was 
slightly enriched by the heavier isotopes compared to the other groundwater samples in 
Lake Pyhäjärvi catchment. In addition to direct evaporation from the spring, the more 
permeable sediments at the area could be an indication that the summer precipitation 
has had a greater effect on it compared to other groundwaters in the area. As with the 
tributary samples, 222Rn was measured from the groundwater samples. Both had very 
low 222Rn concentrations and below the reliable detection limit (Figure 12). YLJO-
spring had the highest concentration of 9.00 Bq L-1. It seems that the prevalent biotite 
paragneiss bedrock or the fine grained sediments in which these two aquifers resided 
was poor in uranium. 
Though not as severe as with the samples from River Pyhäjoki, the River Yläneenjoki 
samples had some problems in terms of reliability of the major ion results (Table 1). 
YLJO1, 3 and 5 had IB values above the acceptable 10%. As with the River Pyhäjoki 
samples, this could have been due to sediment in the samples. Comparing the cation and 
anion sums to EC values, YLJO3 and YLJO5 had excess anions whereas YLJO1 had a 
considerable change in EC between the field and the laboratory measurements 
indicating dissolution of solids or possibly chemical reactions between the two 
measurements. As with River Pyhäjoki, another cause for alarm was the very low NO3 
concentrations compared to earlier measurement from the sampling sites (Rautio & 




6.2 Hierarchical cluster analysis 
The results from hierarchical cluster analysis are visualized in Figure 16 with a 
dendrogram, showing distinct grouping between sample types. Within threshold 1, lake 
water, River Yläneenjoki, River Pyhäjoki and spring samples were grouped as their own 
separate groups. The groundwater samples were split into 2 groups.  
Figure 16. Dendrogram representing the sampling sites of the study area, based on hierarchical cluster 
analysis using Ward’s method as linkage rule and Euclidean distance as similarity measure. The three 
threshold lines are to help visualize different levels of similarity.  
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The HP5 well sample was grouped with the lake water samples, which further supports 
the idea that it was derived from lake water. The River Yläneenjoki tributary samples 
YLJO-B and YLJO-G grouped with the River Yläneenjoki samples, whereas YLJO6-B 
grouped with the spring samples, as indicated by the geochemical results. The 
discharging groundwater samples and Kivimäki-well, as well as HP4, were grouped 
together. This is not surprising since the sampling sites were located fairly close to each 
other with the exception of HP4. Additionally, it is likely that these sampling sites 
derived their waters from similar esker aquifers (Uusikylä and Kauttua aquifers) (Figure 
2). The bedrock well samples as well as Vehmasto and Koppala well samples formed 
the other groundwater group. 
Below threshold 2 all the groundwater samples were grouped together and River 
Pyhäjoki samples were grouped with the spring samples which could be due to a 
notable portion of River Pyhäjoki water deriving from Myllylähde and Kankaanranta 
springs. Using threshold 3, the lake water samples and River Yläneenjoki samples were 
grouped together. However, as the linkage distance grows the significance of the 
groupings diminishes. As a consequence this grouping might not be significant. 
6.3 Geochemical modeling methods 
The mass balance based modeling methods considered here focus on separating the 
hydrograph of a river or a stream system. Lake water-groundwater interaction using 
mass balance methods has been applied previously at Lake Pyhäjärvi by Rautio and 
Korkka-Niemi (2015). 
6.3.1 Evaluation of possible tracers for geochemical modeling 
Pinder and Jones (1969) were one of the first to employ a mass balance based approach 
to examine surface water-groundwater interactions. In their research, they used three 
different geochemical tracers: major ions, DSi and iron. After this initial study, many 
researchers have used the approach to examine flow paths of precipitation and surface 
water -groundwater interactions (e.g. Pilgrim et al. 1979; Wels et al. 1991, Hooper et al. 
1986, Dewalle & Pionke 1994). However, Pilgrim et al. (1979) concluded that many of 
the tracers employed by Pinder and Jones (1969) were not conservative and thus the 
results not reliable. For a geochemical mass balance model to give reliable results, the 
used tracer should be chemically as conservative as possible and resistant to biological 
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uptake, i.e., the concentration of the tracer should only change when more of the tracer 
is introduced in to the stream or river, or when the water is diluted with water poorer in 
the tracer in question (Buttle & Peters 1997). Another requirement is that the tracer in 
question is relatively homogeneously available in the sediments and bedrock of the 
study area giving the groundwater component a uniform tracer concentration (Buttle & 
Peters 1997).  
In Lake Pyhäjärvi catchment, major ions and EC were one of the tracers analyzed for 
this purpose to see whether some of them could be used for the separation of one or 
both of the input rivers’ hydrographs. The problem with major ions, and as a 
consequence with EC, is that they are rarely conservative in a natural river system 
(Pilgrim et al. 1979). For example, according to (Lahermo et al. 1996) K is easily 
absorbed by clay minerals as well as Fe-, Mn- and Al-precipitates. NO3, PO4 and SO4 
can be affected by biological uptake and F is highly reactive in its ionic form. Cl is the 
most widely used major ion as a tracer in hydrograph separation studies owing to its 
relatively conservative nature. However, in Finnish conditions the use of NaCl as a de-
icing chemical for roads in winter times as well as the use of CaCl2 for dust control in 
gravel roads (e.g. Nysten 1998; Vestola et al. 2006), can have a notable effect on Cl, Ca 
and Na concentrations of streams/rivers. As a result Cl was not considered a practical 
tracer in the Lake Pyhäjärvi catchment. Ca and Mg have also been used in hydrograph 
separation studies (e.g. Wels et al. 1991; Genereux et al. 1993) but at least in case of Ca 
agricultural liming as well as lime filters could have raised the Ca content of surface 
flow diminishing its value as a tracer for studying surface water-groundwater interaction 
(Palko & Weppling 1994; Kirkkala et al. 2012b). Mg has been used by Wels et al. 
(1991) in a hydrograph separation study, though according to Lahermo et al. (1996) it is 
not as conservative as Ca. According to the results in river Pyhäjoki, Mg could have 
been a viable tracer with stably rising concentrations toward Lake Pyhäjärvi indicating 
possible groundwater discharge along the way. Unfortunately, the major ion results of 
river Pyhäjoki were unreliable (Table 1) and as such Mg was not used as a tracer in this 
study. In case of river Yläneenjoki, there was very little change in Mg content along the 
river. This indicated that Mg was not a useful tracer to measure surface water-
groundwater interaction in River Yläneenjoki. 
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DSi has been perhaps the most widely used chemical tracer in geochemical hydrograph 
separation studies (e.g. Pinder & Jones 1969; Kennedy et al. 1986; Hooper & 
Shoemaker 1986; Wels et al. 1991). One of the main benefits of DSi is that its 
concentrations are very low in precipitation (Wels et al. 1991). Additionally, in its 
dissolved form silica is chemically relatively inert and can act as a conservative tracer in 
some catchments. Furthermore, silica is widely available in the soil and bedrock making 
it a good candidate for studying surface water- groundwater interactions in a wider scale 
(Wels et al. 1991). Kennedy (1971) found that the dissolution of silica from soil can 
happen very rapidly, in a matter of minutes. Supporting this, Wels et al. (1991) 
conducted leaching experiments on soils from their study area finding that 80% of the 
silica dissolved in less than an hour in a seven day experiment. For this reason, DSi has 
been treated as a conservative tracer for hydrograph separation studies (Hooper & 
Shoemaker 1986; Kennedy et al. 1986; Wels et al. 1991). Some of these studies assume 
that surface runoff retains its DSi concentration on its way to the stream/river (e.g. Wels 
et al. 1991; Ogunkoya & Jenkins 1993). This may be true for small forested catchments 
that have been the study areas of many of these studies, but considering the findings of 
rapid dissolution of DSi this would not be likely in a Lake Pyhäjärvi type catchment 
with vast reaches of farmland with exposed soils. In fact, Buttle and Peters (1997) found 
that the only surface water to differ substantially from subsurface flow in DSi content 
would be rain falling on and flowing through saturated areas which would limit the 
contact of the water with the underlying soil. In Lake Pyhäjärvi catchment, the DSi 
concentration of YLJO-G could support this idea of surface runoff with high DSi 
content. Assuming that YLJO-G consisted mainly of recent surface runoff (somewhat 
supported by stable isotopes), the relatively high DSi content would be attributed to 
dissolution of DSi from surface soils instead of a sign of discharging groundwater. 
There was no sampling of surface runoff in this study, and thus this cannot be 
confirmed.  
Another important factor affecting DSi is biological uptake by diatoms in summer time 
(Wels et al. 1991; Neal et al. 2005). According to Neal et al. (2005), this is most evident 
in times of baseflow conditions. Additionally, Wels et al. (1991) recognized that in their 
study area wetlands acted as silica sinks during summer months. There are wetlands in 
both River Yläneenjoki and River Pyhäjoki catchments. Furthermore, some artificial 
wetlands and sedimentation pools have been constructed between the rivers and 
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agricultural land to decrease the nutrient load to Lake Pyhäjärvi, at least in the case of 
River Yläneenjoki (Kirkkala et al. 2012b). There was a substantial drop in DSi between 
the YLJO10 and YLJO5 sampling sites in River Yläneenjoki. This combined with the 
stable isotope results that indicated that the water in YLJO5 was strongly affected by 
evaporation suggested that diatom growth was most likely the principal cause of the 
lowering DSi content. For this reason and due to the aforementioned uncertainties of 
DSi concentrations in surface runoff, DSi was not deemed a reliable tracer for studying 
River Yläneenjoki surface water-groundwater interactions. Similar reasons precluded 
the use of DSi as a tracer in the River Pyhäjoki catchment.  
In contradiction to this, Rautio & Korkka-Niemi (2015) received encouraging results 
using a DSi based mass balance method to separate the hydrograph of rivers 
Yläneenjoki and Pyhäjoki, although reminding that care should be taken when 
interpreting these results. Therefore, taking into account the relatively small amount of 
samples in space and time in this study, it is possible that the DSi results were 
anomalous and do not represent the full picture of how DSi behaves in these 
catchments. Nevertheless, in light of these somewhat contradictory results I would 
recommend caution and further research when planning on using DSi in mass balance 
based models in Lake Pyhäjärvi catchment. 
Stable isotopes of oxygen and hydrogen are likely the most used tracers in hydrograph 
separation studies (e.g. Sklash & Farvolden 1976; Hooper & Shoemaker 1986; Kennedy 
et al. 1986; Buttle & Peters 1997; Klaus & McDonnell 2013). One of the key benefits is 
that they are truly conservative in temperatures encountered on the surface of Earth as 
opposed to geochemical tracers (Drever 1988). Another benefit is that the proportions of 
the heavier isotopes compared to the lighter isotopes vary in precipitation depending on 
latitude, altitude, distance of vapor transport, intensity of rain and air temperature, 
which is the reason there is seasonal variability in stable isotopes in precipitation 
(Dansgaard 1964). On the other hand, after precipitation is infiltrated in to the ground 
there, is very little evaporation making groundwater isotope content relatively constant 
changed only by mixing with water of different isotope content (Sklash 1990). 
Consequently, precipitation and groundwater often have a notably different stable 
isotope content making isotopes viable tracers for studying surface water- groundwater 
interactions. Compared to geochemical tracers, stable isotopes have one limitation. 
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While geochemical tracers can be used to assess the flow paths of water and to separate 
river water in to groundwater discharge and surface runoff, stable isotopes separates 
river water to new and old water (Buttle 1994). New water is event precipitation and old 
water is the water that was already in the catchment before the storm event. Though in 
catchments similar to Pyhäjoki and Yläneenjoki subcatchments where baseflow is most 
likely comprised of mainly groundwater and soil water, there may not be a large 
difference between old water and groundwater. 
When using stable isotopes as tracers in hydrograph separation studies of rivers there 
are five basic assumptions, after (Sklash 1990; Buttle 1994): 
1. There is a distinct difference between new and old water isotopic content. 
2. New water isotopic content is constant in time and space or the variability is 
accounted for. 
3. Old water isotopic content is constant in time and space or the variability is 
accounted for. 
4. The contribution of the unsaturated zone to total discharge should be 
insignificant or the isotopic content should be similar to that of groundwater. 
5. Contribution to the river from surface storage (lakes) is insignificant. 
In River Yläneenjoki hydrograph separation was inconceivable due to evaporation 
raising the content of the heavier isotopes to the levels of summer time precipitation in 
the river. However, this was not the case with River Pyhäjoki which also had distinct 
difference between mean summer precipitation and old water (mean groundwater 
isotopes in the catchment). In the Pyhäjoki subcatchment assumptions 2, 3 and 4 are 
suspect since precipitation was not sampled during this study and groundwater sampling 
was very sparse. Furthermore, unsaturated zone water was not sampled in this study. 
Assumption 5 was most likely correct, though there were some wetlands as well as 
artificial wetlands and sedimentation pools in both subcatchments which could have 
affected the stable isotopes of both rivers.  
222Rn is also a frequently used tracer to determine surface water-groundwater 
interactions (e.g. Ellins et al. 1990; Genereux & Hemond 1990; Cook et al. 2003; 
Stellato et al. 2008). Its main benefit is that in areas with uranium bearing bedrock and 
sediments, it is reasonably constantly distributed in groundwater and does not react with 
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other chemicals in the water (Ellins et al. 1990). Rogers (1958) was among the first to 
notice that an increase in radon in a stream was a sign of groundwater discharge and one 
could estimate the amount of groundwater discharge by making assumptions about the 
physical behavior of radon in the stream. If the concentration of radon in groundwater is 
known and relatively constant, stream flow can be separated to its components by 
measuring radon content in two places in the stream, one upstream and one 
downstream. From these measurements the amount of groundwater discharge can be 
determined using a mass balance approach (Genereux & Kramer 1998). Because radon 
is in a gaseous form, the loss of radon to the atmosphere due to volatility must be 
accounted for (Genereux & Hemond 1990). Ellins et al. (1990) used a method called 
stagnant film model where similar stretches of a river were thought to lose the same 
amount of radon to the atmosphere. Assuming this, they could measure the loss of radon 
from stretches of the river that had no observable groundwater discharge and apply this 
information to parts of the river that had groundwater discharge. Another method was 
used by Genereux & Hemond (1990) where they injected a volatile tracer (propane) that 
did not occur there naturally upstream and measured the loss downstream to determine 
the rate of volatilization of radon to the atmosphere. The biggest problem with using 
radon as a tracer in surface water- groundwater interaction studies is that water in bank 
storage also acquires the radon signature of groundwater leading to an overestimate of 
groundwater discharge. This was evident in the well sample HP5 which, according to 
the stable isotope content, consisted mainly of lake water which had infiltrated the well 
but had radon concentration similar to HP4 which in turn consisted of groundwater 
(Figures 12 and 13). 
In this study the radon measurements were done mainly on groundwater samples to 
assess the feasibility of a more comprehensive surface water-groundwater interaction 
study using radon as a tracer. In the Yläneenjoki subcatchment 222Rn concentrations 
were very low, while in the Pyhäjoki subcatchment the concentrations were higher and 
using radon as a tracer is thus more plausible. However, sampling was rather sparse in 
both subcatchments, precluding the use of radon as a tracer in the present study. In 
addition to increased number of samples, a more precise analyzing method to measure 
radon concentrations in the river where concentrations are likely well below the 30 Bq 
L-1 detection limit (Stellato et al. 2008) would be beneficial. Furthermore, for logistical 
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reasons an in situ measuring method would be very useful for a more comprehensive 
study requiring much more sampling. 
6.3.2 Isotopic hydrograph separation in River Pyhäjoki 
The oxygen isotope ratios of River Pyhäjoki were used to calculate old and new water 
fractions using a two component hydrograph separation method (Equation 3). Old water 
was determined from mean values of groundwater samples in the catchment. In Table 7 
old water fractions are illustrated in the PYJO1 to PYJO5 sampling sites in River 
Pyhäjoki. Precipitation was not sampled during the study and, as a result, estimates of 
new water were used from an earlier study of stable isotopes in Finland by Kortelainen 
(2007). These measurements were taken approximately 160 kilometers southeast from 
the study area in the city of Espoo and spanned several years in the early 2000’s 
(Kortelainen 2007). Four different new water values were used to cover the range of 
summer precipitation isotopic content: the highest July-August mean (july 2003), a 5-
year July mean, a 5-year August mean and the lowest July-August mean δ18O‰ (July 
2004). This was done to illustrate how the different end-member values influence the 
results. 
Table 7. Fractions of old water in PYJO1-PYJO5 samples with four different new water δ18O‰ values: 
July-August maximum, July-August minimum, July 5 year mean and August 5 year mean (Kortelainen 
2007). 
Sample ID Fraction of old water Fraction of old water Fraction of old water Fraction of old water 
 
NW δ18O‰ NW δ18O‰ NW δ18O‰ NW δ18O‰ 
 
maximum July 5 year mean August 5 year mean minimum 
PYJO1 0.81 0.74 0.68 - 
PYJO2 0.81 0.73 0.67 - 
PYJO3 0.86 0.80 0.76 - 
PYJO4 0.80 0.72 0.66 - 
PYJO5 0.88 0.83 0.79 - 
*The minimum new water July-August mean value could not be used since there was not enough difference between 
new water and old water δ18O values.  
 
When using the highest July-August mean δ18O value (-7.82‰), the fractions of old 
water ranged from 0.80 to 0.88 (Table 7). Using the July 5 year mean value gave 
slightly lower fractions of 0.72 to 0.83, and using the August 5 year mean value gave 
the lowest fractions of 0.67 to 0.79. The minimum July-August mean value (-11.23‰) 
could not be used for this method due to the fact that there was not enough difference 
between new and old water δ18O values. Additionally, since the minimum July-August 
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mean value was lower than the δ18O values in the river the equation would have given a 
negative fraction for old water.  
In Table 8 the uncertainty of the separation results was evaluated using a gaussian 
propagation technique (Genereux 1998). The importance of a distinct difference 
between new and old water isotopic content was apparent here with uncertainty in 
PYJO4 and PYJO5 being 0.14 and 0.09, respectively, using the highest δ18O value for 
precipitation and a confidence level of 80%. With lower δ18O values for precipitation as 
well as higher confidence level the uncertainty was much greater (Table 8). 
Table 8. Statistical uncertainty of PYJO4 and PYJO5 was evaluated, taking into account the three suitable 
new water values, using a gaussian propagation technique. Uncertainty was calculated using confidence 
levels of 80% and 95%.  
 
Uncertainty when Uncertainty when Uncertainty when 
 
(NW δ18O‰ -7.82) (NW δ18O‰  -8.91) (NW δ18O‰ -9.36) 
  +/-  +/-   +/- 
PYJO 4 Confidence 95% 0.23 0.48 0.73 
PYJO 4 Confidence 80% 0.14 0.28 0.43 
PYJO 5 Confidence 95% 0.15 0.28 0.40 
PYJO 5 Confidence 80% 0.09 0.16 0.23 
 
The hydrograph separation results here coincide well with an earlier study in the area by 
Wiebe (2012), where a PART-adjusted runoff water balance method was used to 
separate the hydrograph of River Pyhäjoki (and River Yläneenjoki) into groundwater 
and surface water. Furthermore, the results agree with a mass balance based study by 
Rautio and Korkka-Niemi (2015) where DSi was used as a tracer. However, contrary to 
the norm in chemical and isotopic hydrograph separation studies where sampling is 
done hourly or more frequently to determine how the hydrograph of the river evolves 
during a storm event (e.g. Buttle 1994; Klaus & McDonnell 2013), only one sample was 
taken from each sampling site during this study. Furthermore, the sampling of each site 
was done at different times in a span of two days with substantial variance in weather 
conditions.  During the sampling of PYJO1 to PYJO4 there was no precipitation, though 
based on precipitation data from Turku (approximately 50 km from the study area) by 
Jokinen et al. (2013) it is likely that there was precipitation earlier that day as well as 
during two days prior to sampling. On the second day, when PYJO5 was sampled, there 
were heavy showers and near constant precipitation in the study area (Jokinen et al. 
2013). These differences in conditions could have greatly influenced the isotopic 
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content in the river adding to the uncertainty of the separation. This is due to the 
hydrograph of the river evolving during the storm event (e.g. Buttle 1994). Essentially, 
the results here represent only one point in the storm hydrograph. Additionally, since 
the samples were taken at different times, they could represent different parts of the 
hydrograph and not be comparable with each other. 
Looking at the five basic assumptions for isotopic hydrograph separations, assumptions 
2 to 4 presented most problems in this study. In assumption 2, new water isotopic 
content is assumed to be constant in time and space or the variability accounted for 
(Sklash 1990). Since precipitation in this study was not sampled there was no way to 
evaluate this. According to findings by Kennedy et al. (1986), there is often substantial 
variation in isotopic content of precipitation during a storm event both spatially and 
temporally and it is unlikely that Lake Pyhäjärvi catchment was an exception in this 
regard. Nevertheless, it is likely that the isotopic content of the precipitation fits in the 
range of the different new water values used here, though the exact new water value 
remains unknown. The only possible estimate of new water isotopic content from the 
study area was YLJO-G (δ18O‰ -8.92), which could represent recent precipitation. In 
assumption 3, old water isotopic content is assumed to be constant in time and space or 
the variability accounted for (Sklash 1990). Since the mean groundwater isotopic 
content in the catchment was used as old water in this study, the scarce sampling of 
groundwater poses a source for error. In assumption 4, unsaturated zone water’s 
contribution to total discharge should be insignificant or the isotopic content should 
coincide with that of groundwater (Sklash 1990). Unsaturated zone water was not 
sampled in this study and as a result the isotopic content of it is unknown.  
Overall, there were significant uncertainties in the separation which cause uncertainties 
to the results. On the other hand, the results coincided well with previous studies from 
the area. At this point I would suggest these results are best thought of as indicative. 
Another aspect to keep in mind is what old water and new water represent here. Old 
water does not necessarily equal groundwater, but rather water that was present in the 
catchment before the precipitation event (e.g. Buttle 1994).   
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6.3.3 Suggestions for forthcoming studies 
Concerning future chemical hydrograph separation studies in Lake Pyhäjärvi catchment 
it would be crucial to sample more of the study area’s groundwaters, chiefly, the 
shallow groundwaters near the two input rivers. Additionally, it would be beneficial to 
sample surface runoff due to the vast agricultural lands with exposed soils in both 
Pyhäjoki and Yläneenjoki subcatchments, as well as unsaturated zone waters to 
determine if they pose an important factor in the river chemistry of River Yläneenjoki 
and River Pyhäjoki. Furthermore, measuring flow rates of the river at the sampling sites 
would enable quantifying the groundwater/subsurface water discharge into the river. Mg 
seemed promising as a tracer for River Pyhäjoki as long as the rise in concentrations 
downstream was attributed to groundwater discharge instead of surface runoff from the 
farmlands. Concerning hydrograph separation using stable isotopes as a tracer, it would 
be beneficial to sample precipitation during the storm event. Moreover, for a 
comprehensive hydrograph separation study it would also be recommended to take 
frequent samples during the duration of a storm event. 
Another method for studying surface water- groundwater interaction in rivers is 
longitudal river chemistry in which radon, in addition to the other tracers examined, 
could be used as a tracer (CSIRO & SKM report 2012). In longitudal river chemistry 
the change in the concentration of a chosen tracer is used to determine the amount of 
groundwater discharge when the tracer content of groundwater is known. This is done 
using a mass balance calculation (Genereux & Hemond 1991). According to the 222Rn 
measurements in this study, River Pyhäjoki could be a suitable location, though bank 
storage may pose problems (i.e. river water infiltrated to the river banks can acquire a 
similar 222Rn concentration as groundwater).  
To get more reliable results from hydrograph separation, end member mixing analysis 
(EMMA) as per Hooper et al. (1990) could be used to determine which end members 
are important contributors to the chemistry of the two input rivers. This would require 
intensive sampling of the subsurface waters. Additionally, instead of using a 
conventional 2 end-member hydrograph separation method, 3 or more end-members 






Based on the data obtained from samples collected in mid-August 2013 from the Lake 
Pyhäjärvi catchment, the following observations were made. Surface waters and 
groundwaters (excluding bedrock wells) can be mostly classified as Ca-HCO3, and in 
the case of Yläneenjoki subcatchment as Ca-Mg-HCO3 water. Hydrogeochemical 
composition of the surface waters of each subcatchment differed significantly. 
Additionally, groundwaters generally differed from surface waters. This was supported 
by quantitative results from hierarchical cluster analysis (HCA), as surface waters of the 
three subcatchments grouped in their separate clusters and groundwaters were divided 
in to 2 clusters (roughly springs and bedrock wells).  
Stable isotopes were the most suitable tracers to identify groundwater, with apparent 
distinction between groundwater and surface water samples. Groundwater samples did 
not show significant signs of evaporation, whereas the surface water samples did. 
Furthermore, River Pyhäjoki water resembled the groundwaters of the study area more 
closely than the other surface waters when considering the stable isotope results. 
222Rn concentrations were highest in bedrock wells, especially in the ones which were 
situated in areas with rapakivigranite bedrock. Concentrations in Yläneenjoki 
subcatchment and for the most part in Pyhäjoki subcatchment were also very low. 
However, one of the springs in Pyhäjoki subcatchment (Kotiranta-spring), had a high 
222Rn, which suggests that 222Rn could be used as a tracer to quantify surface water-
groundwater interaction in Pyhäjoki subcatchment in future studies. However, with 
sparse sampling of groundwaters in both Yläneenjoki and Pyhäjoki subcatchments, 
more research is needed to evaluate the feasibility of 222Rn in both subcatchments. 
Stable isotopes were deemed the only tracers usable in a geochemical hydrograph 
separation study in the context of this study. Additionally, they were not usable in River 
Yläneenjoki (not enough distinction between new water and river water values) and 
thus only River Pyhäjoki was studied with this method. δ18O was used employing a 2 
component hydrograph separation method to discern fractions of new water and old 
water from the river. Results were between 66% and 88% of old water in the river 
depending on the sampling site and the new water value used. The results were in 
agreement with earlier studies evaluating the fractions of groundwater in the river. 
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However, since there were many shortcomings in the study the results are best thought 
of as indicative. In future studies more comprehensive sampling of the groundwaters of 
the area is crucial since this method is extremely vulnerable to errors in the end-member 
values. Additionally, surface runoff and soil water should also be sampled. Furthermore, 
in the case of stable isotopes, sampling of precipitation is essential. For better accuracy, 
a 3 or more component hydrograph separation study could be employed possibly 
together with end member mixing analysis to better understand which end-members are 
important contributors to the geochemistry of the river in question. 
Considering all the data and data analysis, there was clear evidence of surface water-
groundwater interaction in the study area. Both Lake water infiltrating to an aquifer 
(HP5) and groundwater discharging in to the lake (PJ3-DGW and PJ5-DGW) was 
apparent. Additionally, it is likely that groundwater is also discharging into the two 
input rivers, looking at the hydrograph separation results as well as the geochemistry of 
some of the samples in the subcatchment (e.g. YLJO6-B and Kotiranta-spring). 
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